INTRODUCTION
Continuous monitoring of a person's health data, such as heart rate, body temperature, and blood pressure, would assist medical health care providers in early prediction and diagnosis of adverse conditions or diseases, allowing patients to be treated more quickly and effectively, thereby decreasing patient numbers and medical costs in the long term. To enable this, health monitoring sensors should be worn by people throughout the day (including during sleep), allowing a continuous collation of health data. In this regard, comfort is a key consideration in the device design. Mechanically flexible devices are ideal candidates for wearable health care sensors and have been widely studied. Various material platforms and structures have been reported for health care monitoring devices (1) , such as temperature sensors (2, 3) , electrocardiogram (ECG) sensors (4, 5) , heartbeat sensors (6, 7), chemical sensors (8, 9) , and drug delivery systems (10, 11) , and multifunctional sensing has been used not only for health care monitoring but also for diverse applications (10, 12, 13) . Although monitoring health conditions is valuable, simultaneous monitoring of physical activity would provide some much-needed context to the data, considering that vital signs, such as skin temperature and ECG, strongly depend on activity and that real-time health information alone is not completely sufficient for a full analysis of the wearer's condition or for the prediction or diagnosis of disease. Although there have been several reports of sensors and actuators for this type of application (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (14) (15) (16) , neither printed nor flexible acceleration (motion) sensors have been demonstrated to date. Note that strain sensors have been used to monitor human motion through attachment to joints (17, 18) . However, these can only monitor the motion of the joints, which is not always representative of the full range of human motion and activity. Accurate motion data collection from these devices presents a challenge because inflexible acceleration sensors, like those currently used in conventional (that is, nonflexible) wearable devices, need to be integrated onto flexible substrates with other health monitoring sensors. Another challenge is to design low-cost devices, allowing widespread usage and availability to the general public. Hence, it is important to strike a balance between device cost and functionality.
To address these challenges, we report a proof-of-concept, flexible, wearable health care monitoring device, which features a detachable multilayered design, a printed three-axis acceleration sensor for motion detection, and three separate sensors for monitoring vital signs. Notably, we have designed the devices to use carbon nanotube (CNT)-based sensors and transistors, which exploit the unique and high-performance properties of these materials, such as high mobility. Three printed health monitoring components are used: a skin temperature sensor, an ECG sensor, and an environmental sensor for detecting environmental ultraviolet (UV) light. Note that UV sensing cannot be used effectively in tandem with ECG monitoring because the device must be worn underneath clothes for effective monitoring of the latter. Hence, the purpose of the UV sensor in this study is to demonstrate the possibility of multifunctional sensor integration. Moreover, the monitoring of sunlight exposure may be applicable to other wearable devices, such as tracking devices, which are typically worn on the arm or wrist. Flexible transistors are also integrated for the switching of the sensors. The device features two detachable components (19, 20) that address cost and hygiene concerns. A nondisposable sensor sheet carries higher-cost components, whereas a disposable sensor sheet designed to be worn in contact with the skin is designed and fabricated with low cost in mind. The two sheets are attached via a flexible, stable, eutectic gallium-indium (EGaIn) liquid metal contact (21) . Finally, to demonstrate the suitability of these devices for health care monitoring, we monitored simultaneous skin temperature, ECG, and UV exposure in tandem with real-time motion sensing under different states of physical activity, including walking, running, and sleeping.
RESULTS
The device consists of two sheets, as shown in Fig. 1 (A to C) and fig.  S1 . The fabrication process is explained in detail in Materials and Methods. The disposable sensing component for direct contact with the skin features a three-axis acceleration sensor, an ECG sensor, and a temperature sensor with a silver (Ag) interconnection, all of which were printed on a disposable polyethylene terephthalate (PET) sheet with a kirigami structure (22) , allowing it to stretch comfortably on the human body. The multilayer plastic sheets of the kirigami structure suppress its mechanical rigidity, rendering it unable to fully stretch after the device is attached to skin. However, when the wearer is active, the device can stretch slightly due to the dynamic between the kirigami structure and skin in motion. Although the device is not entirely stretchable, the kirigami structure improves the comfort for wearers. We also note that the kirigami structure was made to prevent the mechanical and electrical failures based on the stress caused by mechanical stretching, particularly where the device includes sensors and thin-film transistors (TFTs). In the future, electrodes will likely need to be formed over the structure. To confirm this possibility, we measured the electrical resistance change of printed Ag electrodes over the structure as a function of stretchability. Figure S2 shows that the resistance was increased slightly up to 2.6% when the substrate was stretched to 100%. Because the electrode resistance is~6.12 ohms, a few percent resistance change is negligible for sensor integration, where sensor resistance is much higher than this value. The second component is a reusable sheet based on a polyimide substrate consisting of a UV sensor, CNT-TFT-mediated switching circuits for the sensors on both sheets, and a fixed EGaIn electrical connection. The electrical interface between the two sheets connects the temperature sensor on the disposable component to the CNT-TFT circuit on the reusable sheet. This was made using EGaIn contacts, which have previously been reported to be stable under mechanical bending (19) . The EGaIn was placed on the reusable sheet in small chambers made of a silicone rubber and polydimethylsiloxane (PDMS), as described in Fig. 1B and fig. S3 . All sensors were fabricated by solution-based techniques, such as a screen printing. The sensors operate through resistance changes induced in response to the respective stimuli. The acceleration sensor has three strain sensors, which respond to changes in structural strain. These strain sensors were fabricated from a mixture of Ag nanoparticles (NPs) and single-walled CNT inks. The temperature sensor was printed from a mixture of CNT ink and poly (3,4-ethylenedioxythiophene) :polystyrene sulfonate (PEDOT: PSS) solution. Last, the UV sensor was fabricated through the deposition of ZnO nanowire networks. Images of the entire device and its individual components are presented in Fig. 1D and fig. S4 .
The channel width (W) and length (L) of CNT-TFTs were chosen such that their resistance characteristics match those of the UV and temperature sensors. These values (W/L) are 1 mm/100 mm and 10 mm/50 mm, respectively (Fig. 1, E and F) . The morphology of a typical CNT network used for these TFTs is shown in the atomic force microscopy image in Fig. 1G . The measurement indicates that the CNT layer has a relatively high-density, uniform network, which is required for reliable, high-performance TFTs. The representative electrical properties of the CNT-TFTs are shown in Fig. 1 (I and J), with a measured field-effect mobility and I on /I off ratio of~5.8 cm 2 /Vs and 10
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, respectively. The mobility fabricated in this study is low compared to other reports (23) because the density of the CNT network is low, as shown in Fig. 1G . However, by sacrificing the mobility, I on /I off ratio is high, which is appropriate for the switching functions that are used in this study. The relationship between mobility and I on /I off ratio agrees with previous reports. The flexible EGaIn-Ag electrical contact between the disposable and reusable sheets is a unique design feature of this device and is shown pictorially in Fig. 1H and fig. S3 . The electrical resistance of the EGaIn-Ag contact and Ag electrode is~5.2 ohms at 25.3°C, which increases at a rate of~0.05 ohm/°C, as shown in Fig. 1K . Despite this increased resistance with temperature, the overall resistance of the EGaIn-Ag interconnection is low enough to enable precise measurement of the sensor output, considering that the resistance of the sensing components is much higher:~3.36 kilohms per square for the temperature sensor and~17.1 megohms per square for the UV sensor under illumination. Even under human motion, electrical resistance change between the EGaIn-Ag electrodes was less than 0.1 ohm, suggesting that this contact is electrically stable for wearable device application ( fig. S5 ).
As previously mentioned, physical activity data provide important context for vital sign data recorded by wearable monitoring devices, considering that different degrees of activity strongly affect conditions, such as ECG and body temperature. The printed three-axis acceleration sensor used to measure this activity consists of four beams integrated with three resistive strain sensors and an Ag electrode, as shown in Fig. 2 (A and B) , and operates by measuring the deformation of the beams in response to external acceleration. By attaching an acrylic plate (weight = 38 mg) as a mass, as illustrated in Fig. 2C , a strain distribution is induced in the sensor, which is dependent on the acceleration force and direction (for further structural detail, see fig. S6 and the Supplementary Materials). Figure 2 (D and E) depicts the stress distributions calculated by finite element method (FEM) simulations when accelerations of 20 m/s 2 are applied in the z and y axes. These data suggest that the changes in stress value in the strain sensor (for example, sensors #1 and #2 in Fig. 2 ) depend on the direction of acceleration. By reading the distributions of stress/strain and their magnitude, the corresponding direction and magnitude of acceleration can be readily determined.
First, the frequency dependence of sensor #1 (as shown in Fig. 2B ) was evaluated at~25 m/s 2 z-axis acceleration. The results are presented in Fig. 2F and fig. S7 . Considering that the device is designed to monitor human motion, an acceleration frequency range of 1 to 6 Hz was chosen to test the sensor. On acceleration, vibration was observed with a duration of around 0.3 s. Because of this vibration, the precise acceleration measurement should be less than 4 Hz. However, by observing the peak value of the resistance change, it is possible to extract the measurement of motion at around 6 Hz, as shown in fig. S7 . Note that positive and negative accelerations (~±25 m/s 2 ) were applied in about 50 ms because of the measurement setup for frequency dependence measurements. Although these positive and negative accelerations were applied, because of much faster duration of acceleration than the vibration of the sensor (~0.3 s), the effect of the negative acceleration is almost negligible in terms of the maximum resistance change confirmed by comparing this to results at only positive acceleration applied to the acceleration sensor. As the simulation in Fig. 2E shows, when y-axis acceleration is applied, almost no strain is detected by the sensor #2 beam. Correspondingly, there is almost no strain in the sensor #1 beam when x-axis acceleration is applied because of the symmetric structure. The experimental results presented in fig. S7 agree with the strain distribution and magnitude extracted from the FEM simulation. Although there are some variations in the resistance change, the change in output resistance displays sufficient independence from the acceleration frequency for frequencies up to 6 Hz (Fig. 2G) .
Second, the sensitivity of acceleration sensing was evaluated by applying different acceleration amplitudes to each axis of sensor #1 (these measurements were conducted on this sensor only). As shown in Fig. 2 (H and I) , the threshold acceleration was observed to be around 5 to 12 m/s 2 , depending on the direction of acceleration, except for the x axis. After this point, the change in resistance increased in a near-linear fashion with increasing acceleration. The post-threshold sensitivities extracted from the linear fitting of z, y, and x axes are 0.064, 0.057, and 0.00% m −1 s 2 , respectively. When acceleration in the opposite direction (that is, negative acceleration shown in Fig. 2 , H and I) was applied, maximum resistance change (R − R 0 , where R 0 and R are resistances before and after acceleration, respectively) was negative, corresponding to the fact that the resistance at certain negative acceleration was decreased, whereas it was positive change at the positive acceleration for z-axis acceleration. For x and y axes, because of high noise and small resistance change below 25 m/s 2 used in this study, no significant change was observed when the negative acceleration was applied (Fig. 2H) . On the basis of the FEM simulation, the maximum stress on the beam changes linearly as a function of acceleration, as plotted in Fig. 2I . Based on both experimental and FEM results, the lower limit of stress detection by the sensor should be~0.6 ± 0.1 N/mm 2 . Although this sensitivity is sufficient for monitoring higherintensity activity, such as walking and running, further improvements should be made to detect lower-intensity activities, for example, movement of an elderly person. These could be achieved by optimizing the sensor materials and device structure. Finally, to demonstrate the operational capability of the sensor, an acceleration of~20 m/s 2 in x, y, and z directions was applied, and the device response was evaluated by measuring the resistance change of three individual strain sensors simultaneously (sensors #1 to #3, Fig. 2B ). The data in Fig. 2J show that the direction of acceleration and strength can be distinguished by reading the difference in output between sensor #1 (or sensor #3) and sensor #2. These results are the first demonstration of a functional, printed acceleration sensor on a flexible substrate. Because only three-axis acceleration can be measured, it can only detect human motions of moving, standing, and lying down. To observe the detailed motions, such as directions of moving and twisting of the body, further axis acceleration sensor to measure rotation and high sensitivity is required. Although the sensor has a low sensitivity and a large size, including thickness, compared to the conventional Si-based acceleration sensor, this demonstration is an important step in realizing a printed sensor network, which allows it to integrate all sensors using printing methods, including assembly and packaging processes with a low-cost manufacture.
For health monitoring functionality, sensors for the detection of skin temperature, heartbeat, and sunlight exposure were integrated into the device-the first two were fabricated on the disposable sensing sheet, and the last one was fabricated on the reusable component. The temperature and UV sensors were integrated in series with CNTTFTs, enabling switching of the components, as shown in Fig. 3A . This could be used to reduce power consumption and could be enabled by integrating a shift register and other circuits. The ECG sensor makes contact with the skin through a set of three Ag electrodes printed on the disposable PET sheet, and the ECG signal was monitored using commercially available discrete circuits, which consist of amplifiers and filters (Fig. 3B ). To make a good contact between the electrodes and skin, we applied a conductive medical grease. Images of the sensors are presented in Fig. 3 (C to E) .
Monitoring of skin temperature was achieved by measuring the characteristics of the CNT-TFT, which controls switching of the temperature sensor. The temperature output was extracted from the I DS -V GS properties (as shown in Fig. 3F ), using the on-current values measured at V GS = −5 V. The results indicate that the on-current changes as a function of temperature, arising from the resistance change of the temperature sensor. To determine the origins of the oncurrent change, we analyzed the resistance change ratio, DR/R 0 (DR = R − R 0 ), as a function of temperature for TFTs with and without a temperature sensor (Fig. 3G) . Here, R is the resistance measured at a given temperature, and R 0 is the resistance value at room temperature. The results indicate that the resistance decreases linearly with increasing temperature, whereas the resistance of the stand-alone CNT-TFT (without the sensor) is almost constant, exhibiting only a very slight resistance increase with temperature. This finding suggests that the resistance change observed in the data in Fig. 3F arises predominantly from the temperature sensor. From these data, the sensitivity of the sensor was calculated to be~0.89%/°C, a relatively high value, which is attributed to electron hopping at the interface between the CNT and PEDOT:PSS in the temperature sensor (11) . In addition to the sensor function, reliability of electrical contact through EGaIn was also tested by repeating attachments and detachments between layers. Figure S8 indicates that electrical resistance measured at V GS = −5 V and V DS = −1 V is electrically stable up to at least 70 cycles. Next, the UV sensor response was characterized by exposure to UV light, with an irradiating power of 689 mW/cm 2 at a wavelength of 365 nm. Figure 3H shows that the resistance drastically decreases by around three orders of magnitude on illumination. The relatively slow response time observed for the device is attributed to the mechanism of oxygen absorption and desorption from ZnO surfaces on exposure to UV light (24, 25) . Because multilayered ZnO network film (as shown in Fig. 3D ) is used, oxygen absorption and desorption take a long time. Although this is speculation, this phenomenon is confirmed by changing the thickness of ZnO network film betweeñ 3.5 and~15 mm, as shown in fig. S9 , indicating that the response time is slower for thicker ZnO layers. On UV exposure, the resistance 
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decreased to~1/ 100 of the original value over the course of 1.3 s, with saturation achieved~150 s at a resistance of~1/ 1000 . On removal of the UV light source, the sensor resistance returned to the original value after a period of~730 s. From the results in Fig. 3I , it was also confirmed that the ZnO nanowire UV sensor is sensitive to wavelengths below 390 nm, corresponding to an electronic excitation energy of 3.2 eV, which is close to the known electronic band gap of ZnO. As with the temperature sensor, the UV sensor was also integrated in series with a CNT-TFT to enable switching. Because of the large resistance change in the sensor on exposure to UV light, the oncurrent of the connected CNT-TFT changes substantially with different illumination intensity, as shown by the data in Fig. 3J . A comparison between the R/R 0 resistance ratios of the stand-alone CNT-TFT and the UV sensor-integrated TFT shows that the observed sharp resistance change can be attributed almost exclusively to the output from the sensor and that illumination does not significantly alter the characteristics of the stand-alone transistor for short-and long-time exposures (Fig. 3K and fig. S10 ). Therefore, it may be concluded that the incident UV intensity can be readily derived by measuring the on-current value of the CNT-TFT. For UV detection, it is required to measure the dose amount by monitoring the resistance change by integrating memory functions in the future.
The ECG sensor makes contact directly on the skin via three Ag electrodes, as described in Fig. 3E and fig. S4C . Because of the small magnitude of the ECG signal (a few millivolts) recorded from the skin, several amplifiers and filters were connected to the circuit to amplify the signal and remove high-frequency noise. This circuit is illustrated in Fig. 3B and fig. S11 . After the sensor was attached to the body, the ECG signal was monitored, extracting a heart rate value of 82 beats per minute (BPM) at rest and 172 BPM after exercise from the measured output signal, as displayed in the results in Fig. 3L .
Finally, as a first proof of concept of the device's full functionality (that is, flexible attachment to the body, acquisition of multiple sets of health information, and the simultaneous monitoring of physical movement), the device was attached directly onto the skin on the chest of a 23-year-old male. The placement of the device is shown in Fig.  4A . This experiment was carried out indoors, and the output of each sensor was measured simultaneously (fig. S12) . Because of limitations in the measurement setup, only one beam, sensor #1, of the acceleration sensor was used to detect movement (that is, detection in the y axis; Fig. 2B ). During the test, skin temperature, ECG, and UV exposure were monitored in real time under the following states of physical activity: rest, fast steps (simulating running), walking-pace steps, and lying down (simulating sleeping). The temperature and UV sensors were controlled by switching the CNT-TFTs. For the on-state, a square wave with an amplitude of −3 V and a frequency of 6 Hz was applied to the gate electrodes; for the off-state, the same wave with an amplitude of +3 V was applied. The full set of measurements is shown in Fig. 4B . The skin temperature was around 32°C, whereas the average heart rate derived from the ECG signal was measured to vary between 76.8 BPM at rest and 89.9 BPM, depending on the degree of physical activity, respectively (Fig. 4, C and D) . The skin temperature was almost constant because of short measurement time and exercise, which was also confirmed by a commercially available infrared (IR) sensor ( fig. S13 ). As expected, the results show that the measured heart rate strongly depends on the person's motion, emphasizing the importance of monitoring health conditions simultaneously with physical activity. Because the experiments were conducted in a room, the UV exposure was measured to be~1 mW/cm 2 . However, under sunlight, the UV power was increased to around 170 mW/cm 2 ( fig. S14) . Finally, the acceleration sensor could successfully distinguish between each physical activity, and differentiation between running simulation and walking steps was possible by monitoring the frequency and amplitude of the acceleration peaks. Furthermore, a comparison between the acceleration sensor outputs from lie-down to sit-up states, as shown in Fig. 4B , reveals that the sensor output generates an increase in resistance and no peaks are observed; this is in stark contrast with the output signature obtained for all the states involving movement. This finding suggests that the acceleration sensor can monitor human movements and differentiate between active conditions and passive ones (that is, standing and lying down), and that different states can be identified from the output signature, with the exception of eating/drinking.
Power consumption is also an important factor for the practical application of the device as a total system. The device discussed here has not been integrated with a signal processing system, so we have not measured the power consumption or source; these factors require further study.
DISCUSSION
In conclusion, this study successfully demonstrates the operation of a multifunctional, flexible, wearable health care monitoring device equipped with a movement sensor. This device also demonstrates the effectiveness of using a flexible and stable, low-resistance EGaIn liquid metal contact for the attachment of different device components. Here, the design of a disposable sensing sheet for direct contact with the skin alongside the nondisposable sheet with higher-cost devices demonstrates that this type of architecture offers a wide range of design possibilities. Hence, this concept provides a solid development platform for low-cost flexible electronics in the health care monitoring sector. For an initial proof of concept, we successfully demonstrated simultaneous monitoring of skin temperature, heart rate, and UV light exposure while also monitoring physical activity through an acceleration sensor. Although the device used in this demonstration was not wearable (that is, while the sensing components were mounted on the body, the signal processing circuits and battery were not integrated into the device, which would be required for commercially viable health care monitors), the successful real-time operation of this allprinted device is an important step in the development of flexible electronics not only for health care monitoring but also for macroscale sensor sheets in alternative applications. Furthermore, by combining this technology with flexible chemical sensing functionality reported recently by other groups (8), wearable and flexible smart health care devices could become generally available, useful for a number of purposes, and helpful to a wide range of people.
MATERIALS AND METHODS
Three-axis acceleration sensor First, an Ag electrode (Asahi Chemical) was screen-printed on a 38-mmthick PET film. After the Ag ink was cured at 70°C, four beam structures were formed by using a laser cutter tool. Second, strain sensors were printed on the beam structures using CNT ink (SouthWest NanoTechnologies) and AgNP ink (Paru) with a weight ratio of 5:3, followed by curing at 70°C (26) . The sensor film was sandwiched between one 1-mm-thick and one 2-mm-thick silicone rubber film with a hole (Fig. 2C) . Finally, 38-mm-thick PET films were applied to the silicone rubber films on both sides of the sensor, rendering the structure mechanically inflexible.
Temperature and ECG sensors
Ag electrodes for the ECG sensor and interconnection with the temperature sensor were printed on a 38-mm-thick PET film. This component was designed to be used as a disposable sheet. After the electrode was cured at 70°C, a mixture of PEDOT:PSS solution (Sigma-Aldrich) and CNT ink (3:1 weight ratio) was printed and cured at 70°C (3).
UV sensor
ZnO nanowires (~90 nm in diameter and~1 mm in length; SigmaAldrich) were dispersed in deionized (DI) water with a weight ratio of 100:1 (DI/ZnO) using a homogenizer for 10 min. The solution was then dropped on the polyimide substrate with CNT-TFTs over a patterned film, followed by curing at 200°C and removing the film. This component was designed to be a nondisposable sensor sheet because it is not intended to be used in contact with the skin.
Carbon nanotube thin-film transistors
For the substrate, an~10-mm polyimide film was spin-coated onto a Si/ SiO 2 handling wafer. Subsequently, a 10-nm-thick SiO x was deposited onto the substrate to act as an adhesion layer between the polymer and the metal layers. The gate electrodes consisted of patterned~100-nmthick Al films deposited by sputtering. Then, Cr/Au (5/30 nm) layers were deposited onto the pads of the gate electrode to protect it from an etching process of the dielectric layer. Next, 50-nm-thick Al 2 O 3 and 10-nm-thick SiO x layers were deposited as the gate dielectric layer by atomic layer deposition (Arradiance) and electron beam evaporation, respectively. For the semiconductor channels, CNT network films were formed using a 99% semiconductor-enriched solution (NanoIntegris) mixed with a sodium cholate surfactant (27) and patterned to form TFT channels using oxygen plasma. Other Cr/Au (5/30 nm) layers were then lifted off to form the source and drain electrodes. The dielectric layer was etched using a buffered hydrogen fluoride solution to open up the contact pads of the gate electrodes. To remove solvent residue from the CNT network, vacuum annealing was conducted at 200°C for 90 min. Polymer resist and PET films were then coated and laminated over the TFTs to protect the devices from scratches and stress caused by bending. Finally, the polyimide film was peeled off from the Si/SiO 2 handling wafer.
EGaIn chamber
To create the contact for the reusable polyimide substrate sheet using a laser cutting tool, a 2-mm-diameter hole was made in a 0.5-mm-thick silicone rubber sheet, and a 1-mm-diameter hole was made in a 0.25-mmthick PDMS sheet, forming the chamber and ejection holes, respectively. These two sheets were then laminated using an adhesive tape. After alignment between the holes and the electrodes on the polyimide film, these sheets were also laminated. Finally, these holes in the silicone rubber/PDMS sheet were filled with the EGaIn liquid metal ( fig. S3 ).
Device assembly
After the components were fabricated, they were assembled for the multifunctional health care device. The final device structure is shown
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in fig. S1 . First, the acceleration sensor was attached on a PET film using a double-sided tape, where temperature and ECG sensors were integrated. Second, for reusable sheets integrated with CNT-TFTs, UV sensor, and EGaIn electrode, because of good adhesion between PDMS and PET films, the reusable sheets can be attached onto the PET film without using any glue or tape. Finally, to place the device on skin, we used a double-sided tape. The double-sided tape was not confirmed as a biocompatible material because this study focuses on the demonstration of a proof of concept of health condition sensing. This adhesion needs to be explored further in the future for the practical use of wearable devices.
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